The sensitivity of Betula ermanii tree-ring growth to climate variation over an altitudinal gradient was assessed. Betula ermanii forest grows in the northern slope of Changbai Mountain from approximately 1,700 m above sea level (a.s.l.), and forms the upper tree line at nearly 2,100 m a.s.l.. Six study sites were constructed along the altitudinal gradient (1,670 to 2,010 m a.s.l.) and ring-width chronologies of Betula ermanii were built. The mean tree-ring series intercorrelation (RBAR) increased with elevation. In principal component analysis, the first unrotated principle component explained 77.1% of the total variance, indicating the tree-ring growth of Beutla ermanii over the altitudinal gradient was governed by regional climate. Correlation function analysis revealed that the radial growth of Betula ermanii was significantly similar in response to climatic conditions.
Introduction
Mountainous ecosystems, with abundance of woody species distributing across wide altitudinal ranges, are considered to be sensitive to climatic changes. Using dendrochronological technologies, plenty of studies have been conducted in subalpine to alpine area to explore the growth response to climate conditions. But most of them were carried out in sites under extremely high environmental stress, such as the altitudinal tree-lines, with the objective of looking for trees whose growth were maximumly limited by climate (Fritts 1976) . As a matter of fact, this operation could probably lead to a biased conclusion if we want to understand the growth-climate relationship on the local landscape, population or ecosystem scale .Because the growth response of climate-stressed trees under their distribution margin cannot repre-
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http://dx.doi.org/10.12657/denbio.070.011 sent the growth response of the whole landscape population . It has been proved by increasing studies that the climate/tree growth relationships are not consistent along altitudinal gradient (Fritts et al. 1965 , Fritts 1976 , Kienast et al. 1987 , Zhang and Hebda 2004 , Yu et al. 2007 , Peng et al. 2008 , Carrer et al. 2010 . Typically, radial growth at low-elevations was more related to precipitation-relevant variables, and changes into temperature-related variables at high-elevations (Zhang and Hebda 2004 , Yu et al. 2007 , Carrer et al. 2010 . However, some studies on conifer trees found uniform growth responses to climate along the altitudinal gradient in central Asian and in southeastern Tibetan Plateau (Liu et al. 2006 , Esper et al. 2007 , Liang et al. 2010 ). Consequently, researches should be efficiently organized along subalpine to alpine ecological gradients to get more clues about the altitude-related climate signals in tree growth.
Betula ermanii, a deciduous broad-leaved tree species, is widely distributed in Changbai Mountain, Northeast China and is maintaining an important role in local ecosystem. Above subalpine coniferous forest, it forms open woodlands of more than 300 m in vertical width, and invades to the uppermost limit of tree growth at nearly 2,100 m a.s.l., providing ideal places and materials for the dendroclimatical study (Wu et al. 2009) . Unfortunately, such studies on B. ermanii are in a shortage, and most of which were developed at upper tree-lines (Takahashi et al. 2005; Yu et al. 2005; Yu et al. 2007 ), which could not give a thorough interpreting of the dendroclimatical features of Betula ermanii. With the objective to explore the climatic factors affecting variation in tree-ring growth and to identify whether these factors differ with altitude, we performed a dendroclimatic analysis on Betula ermanii in the northern slope of Changbai Mountain (41°31'-42°28' N, 127°9'-128°55' E).
Methods
Changbai Mountain, as one of the most complete natural ecosystems in China, is featured by a typical temperate mixed forest ecosystem. The climate of the Changbai Mountain is characterized by a cold and long winter period and a short and rainy summer period. The annual mean temperature ranges from -8.6 to -5.2°C. The highest and the lowest temperature occurred in July and in January, respectively. Annual precipitation is from 700 to 1,500 mm (Fig. 1) . The frost-free period ranges from 65-70 days.
Six forest sites along an altitude gradient (1,670-2,010 m a.s.l.), on the northern slope of Changbai Mountain, were selected for this study (Table 1). These sites were vertically throughout the local Betula ermanii population and encompassed its upper and lower distribution limits (namely tree-lines). The sites representing lower and upper tree-line were were chosen for our analysis and two cores were extracted at breast height (about 1.3 m from ground level) from each tree using an increment borer.
In the laboratory, all cores were mounted and polished, then the tree-ring widths were measured under a precision of 0.001 mm. The measured tree-ring series were quality-checked and cross-dated by the COFECHA software (Holmes 1983) . The cores of poor quality (e.g., fragmented, rotted) were excluded from the further analysis. The program ARSTAN (Cook 1985) was used to get ring-width chronology of Betula ermanii for each site. In order to eliminate or minimize the long-term and low-frequency variation caused by tree age, disturbance and competition between neighboring trees, etc., each of the raw series was individually detrended by a 40-year cubic smoothing spline and the degree of smoothing was fixed at 50% frequency response. Then by calculating a biweight robust mean for each site to further remove the random signals related to local disturbances (Cook and Kairiukstis 1990) , residual chronologies were developed to maximize the climatic signal. Figure 2 represents the tree-ring width residual chronologies from six altitudinal sites respectively.
Several statistics were calculated for each of the six residual chronologies. The mean sensitivity (MS) is an evaluation of year-to-year variability in tree-ring width (Fritts 1976) , and according to Ferguson's classification, a mean sensitivity greater than 0.3 is considered to be high (Savva et al. 2006 ). The mean series intercorrelation (RBAR) and the Expressed Population Signal (EPS) are used to measure the reliability of each residual chronology (Cook and Kairiukstis 1990) . RBAR is the mean correlation coefficient among tree-ring series. EPS measures to what extent the finite-sample chronology could be representative of the theoretical population chronology based on an infinite number of trees (Wigley et al. 1984) . A chronology with an EPS >0.85 is often considered to be reliable (Cook and Kairiukstis 1990) . To assess the adequacy of replication in the early years of the six chronologies, we cited the index of Subsample Signal Strength (SSS) (Wigley et al. 1984) . We limited our analysis to the period with SSS>0.85 (Wigley et al. 1984) . Besides, the Gini coefficient of each chronology was calculated by using the gini.coef function in the dplR package (Bunn et al. 2012) . Different from the index of mean sensitivity, which refers only to adjacent rings, the Gini coefficient quantitatively describes all-lag sensitivity of the tree-ring series (Biondi and Qeadan 2008) . The closest meterorological station to our study sites is Tianchi (42°01' N, 128°05' E, 2623 m a.s.l.), but the climate records cover a relatively short period . So the climate data generated from the CRUts2.1 (Mitchell and Jones 2005) were used. It was a gridded dataset based on instrumental data from hundreds of precipitation and temperature stations throughout the Alps and Apennines, which were subjected to homogeneity tests and relative adjustments, and finally gridded on a 0.5*0.5 degree network (Carrer et al. 2010 ). Monthly total precipitation and mean air temperature were available for the period of 1902-2002 from the closest grid point (42°25' N, 128°25' E) to our sites. The climate data were highly correlated with the locally observed data at Tianchi (for temperature: r=0.920, n=528 months, P<0.001 and for precipitation: r=0.763, n=528 months, P<0.001).
A principal component analysis (PCA), based on the correlation matrix of the six residual chronologies, was used to explore common causes of variability in annual radial growth. The analysis period was from 1911 to 2002, when all chronologies had an SSS>0.85. Only the components that explained ³5% of the variation in the original variables were retained, a criterion previously used in similar dendrochronological studies (Peterson and Peterson 2001) . Using this criterion, only the first three principal components were retained; these axes were then rotated orthogonally using the varimax criterion, which refines the PC axes and enables a better spatial interpretation of the loadings (Richman 1986 ).
To examine the climate/tree-ring growth relationships, standard Correlation Function (CF) analysis was performed between monthly climate variables and tree-ring indices. This analysis was achieved via the software program DENDROCLIM2002 (Biondi and Waikul 2004) . The bootstrap method (Efron and Tibshirani 1986, Guiot 1991) , with 1,000 iterations, was used for significance testing, and all statistical procedures were evaluated at P<0.05 level of significance. A 16-month window of climate variables was selected, spanning from June of the previous year to September of the current growing season.
Results
Summary statistics of the six residual chronologies were listed in Table 1 . The mean length of series ranged from 94 to 175 years. The mean ring width decreased from 1.063 to 0.543 mm with ascending elevations, although this decreasing trend was not significant (P>0.05) (Fig. 3) . All chronologies had a relatively high value of mean sensitivity, ranging from 0.28 to 0.34, and mean sensitivity was not significantly correlated with elevation (P>0.05) (Fig. 3) . The mean correlation between trees ranged from 0.366 to 0.516, and significantly positively correlated with elevation (P<0.05) (Fig. 3) . The expressed population signal was equal to or above 0.95 for all chronologies, indicating a reliable estimation of the population size for all chronologies. Partial correlation analysis indicated that tree age appeared not to affect the relationships between these four statistics and elevation. The Gini coefficient was highly consistent among all chronologies, which was about 0.51, indicating the diversity in tree-ring series had little difference among sites. The six residual chronologies were truncated at the first year with subsample strength (SSS)>0.85.
A PCA performed on the six residual chronologies revealed that the year-to-year variability in tree-ring series could be summarized into three representative principal components (PCs) (Fig. 4) . The first three unrotated PCs explained 77.102, 10.086, and 6.578% of the total variance respectively. Cumulatively they explained 93.764% of total variance. After rotation, the first three varimax loadings explained 43.240, 28.174, and 22.351% of the variance respectively.
The radial growth/climate relationships were calculated over the SSS>0.85 period and showed in Fig. 5 . A strong summer (current June, July and August) temperature signal was explored across these chronologies. June mean temperature showed a positive impact on all six chronologies. July and August mean temperatures were positively correlated with five and two chronologies, respectively. Negative influence of the mean temperature in the early growing season of the previous year (previous June and July) was revealed in four of the six sites. Besides, chronologies of the sites on 1,740, 1,950 and 2,010 m a.s.l. were positively correlated with previous September mean temperature, which was of the end of the growing season. High temperatures during non-growth season (from previous October to current May) limited growth.
In general, the radial growth of Betula ermanii across the altitudinal gradient was positively correlated with precipitations in previous June, July, September and November and in current May and August. Whereas high precipitation in current June limited the tree-ring growth on 2,010 m a.s.l.
Discussion and conclusions
Our study found a deceasing trend in mean ring width values with increasing elevation, which was frequently observed along altitudinal gradients (Splechtna et al. 2000; Gou et al. 2005; Wang et al. 2005; Di Filippo et al. 2007; Liang et al. 2010) . Mainly because that at high elevations, the tree-ring formation was limited by many factors, such as the low temperature, strong wind exposure, shallow soil with low nutrient availability, and shortened growing season (Di Filippo et al. 2007; Liang et al. 2010) .The relationship between RBAR and elevation also suggested that environmental conditions at higher elevation sites were more stressful for Betula ermanii growth.
Despite differences in dendrochronological statistics among the chronologies, a high degree of coherence in tree-ring growth was shown across the altitudinal gradient (Fig. 2) . The measurement of Gini coefficient indicated the all-lag sensitivity of each chronology to environmental changes might be equal, which was independent of altitude. In PCA, the total variance explained by the first unrotated component was high (77.1%), compared with some other studies along altitudinal gradients (Mäkinen et al. 2002; Di Filippo et al. 2007; Leal et al. 2007) . It was most likely to reflect that the regional climate variation, independent of stand elevation, was responsible for such a similar spatial response. Correlation function analysis confirmed that differences in site altitude did not appear to modulate the strength of the growth response of Betula ermanii to climate. The common growth-climate relationships throughout the altitudinal gradient were characterized by the The tree-ring growth of Betula ermanii positively correlated with current summer (June to August) temperature. Many researchers also found that high summer temperature was favored by tree growth at high altitudes and high latitudes (Gostev et al. 1996; Barber et al. 2004; Chen et al. 2011) . Photosynthetic rates of plants are generally temperature dependent, high temperatures during the growing season will enhance photosynthetic production for alpine and subalpine plants (DeLucia and Smith 1987) . And cambial activity (cell division) is generally slow under cold conditions (Takahashi et al. 2011) .
Temperatures of previous December and current May were negatively correlated with radial increment of Betula ermanii. General explanations existed in: 1) high temperatures in late winter and early spring would increase respiration and evapotranspiration sometimes, when the carbohydrate-losses in tree body cannot be replaced by photosynthesis and water uptake (Mäkinen et al. 2002) , and 2) warm spring temperatures could promote photosynthesis and respiration while roots are still too cool to be efficient in water uptake, inducing stress dehydration and loss of carbon reserves (Carrer et al. 1998) . Negative effects of warmer temperatures in dormant season in high-altitude environments have also been reported by other authors (Carrer et al. 1998; Mäkinen et al. 2002; Savva et al. 2006; Oberhuber et al. 2008) .
Some researchers have pointed out that tree-ring growth was affected not only by the climatic conditions of the current year but also by those of the previous year (Rolland 1993; Savva et al. 2006; Chen et al. 2011) . This view was confirmed in our study, as radial growth of Betula ermanii was closely related with climate of previous growing season. Statistical relationships pointed to a negative effect of previous June and July mean temperature. However the underlying reason was unclear. A negative relationship between beech species growth and previous summer temperature has also been reported without providing an explanation (Cullen et al. 2001; Di Filippo et al. 2007 ). Generally positive correlations were found between tree growth and precipitation during growing season (previous June, July, September and current August). Mainly because high level of precipitation during summer would release the drought stress caused by high temperature (Takahashi et al. 2003) . Previous November and current May precipitation both had positive influences. Precipitation during previous November and current May took the form of snow, and we considered that the positive growth response to a large amount of snow might be due to the insulating effect of snow cover in preventing low soil temperatures, rather than in increasing water availability, which is rarely a limiting factor during winter (Carrer et al. 1998) . Warmer soil condition might be conducive to the survival of winter bud and would lead to a longer period of root inactivity to further protect the root system from damage caused by severe coldness (Yu et al. 2007 ). Some studies reported that winter precipitation positively affected radial growth of P. jezoensis and Betula species (Takahashi et al. 2003 , Yu et al. 2005 , Cedro 2007 ). Oberhuber et al. (2008) also considered that low winter precipitation could be a trigger for radial growth depression. At the site of 2,010 m a.s.l., the tree-ring widths of Betula ermanii had a negative correlation with June precipitation. Coincidentally, this negative correlation to current summer precipitation was also found in some regions (Mäkinen et al. 2000 , Miina 2000 , Mäkinen et al. 2003 , Koprowski and Zielski 2006 . However, there was no significant partial correlation between June precipitation and tree growth when June temperature was controlled (-0.107, P=0.313) .
It has been reported by many studies that the radial growth/climate relationship was clearly altitudinal-related (Mäkinen et al. 2002; Linderholm et al. 2003; Tardif et al. 2003; Liu et al. 2006) . While in our study, difference in site altitude did not appear to modulate the strength of the growth response of Betula ermanii to climate. Similar conclusions have been drawn by some researches. Esper et al. (2007) examined ring-width chronologies of juniper trees in lower (~2,860 m a.s.l.) and higher (~3,440 m a.s.l.) elevation environments in western central Asia and found a uniform growth between them, which might be forced by solar radiation variations controlled via cloud cover changes. Liu et al. (2006) reported a significant similarity in climate-growth relationships of Sabina przewalskii Kom. at its upper (4,140 m a.s.l.) and lower (3,858 m a.s.l.) tree lines in northeastern Qinghai-Tibetan Plateau. Liang et al. (2010) found common climatic signals in a network of Smith fir chronologies from sites ranging from 3,550 to 4,390 m a.s.l. Currently, there seems no solid explanation for this phenomenon of capturing common environmental signals in tree growth along elevational gradients. In Changbai Mountain, Betula ermanii formed open woodlands of more than 300 m along the altitude. A study by Yu et al. (2005) showed that on the elevation of 1,950 m a.s.l., the forest consist of 95% Betula ermanii trees. The relatively pure stands coupled with an open canopy (about 40% canopy cover) may indicate the competition, both intra-and inter-species, for resources availability (e.g., sunlight, water, nutrient) is reduced. It has been suggested that competition may modulate the effect of climate conditions (e.g., drought) on the tree growth, although it is far too early to draw a general conclusion on how competition works (Martin-Benito and Cherubini 2008). According to Olivar et al. (2012) , suppressed trees received lower solar radiation and higher wind protection by the influence of neighbouring crowns reducing transpiration rates, therefore, climatic sensitivity might be reduced. From this respect, the common growth response to climate in our case may be partly explained by the less competitive stress. However, more investigations would be required to test this assumption.
In conclusion, the results of this study showed that the radial growth of Betula ermanii was benefited from low temperature during previous June, July, December and current May, and from high temperature during current June to August. Precipitation was also a limiting factor for Betula ermanii growth over the elevational gradient, as high level of precipitation during previous and current growing season (previous June, July, September and current August), as well as during previous November and current May was favored. Such macroclimate-driven tree growth response to climate would facilitate future studies on reconstruction of quantified climate variability in Changbai Mountain. We are aware that the present study may not provide a solid answer to the issue of growth similarity along altitudinal gradient, and more investigations will greatly improve our knowledge of growth response to environmental changes.
